Objectives: Meniere's disease (MD) is a rare inner ear disorder characterized by 3 2 sensorineural hearing loss, episodic vertigo and tinnitus. Familial MD has been reported 3 3 in 6-9% of sporadic cases, and few genes including FAM136A, DTNA, PRKCB, 3 4 SEMA3D and DPT have been involved in single families, suggesting genetic 3 5 heterogeneity. In this study, the authors recruited 46 families with MD to search for 3 6 relevant candidate genes for hearing loss in familial MD. 3 7 Design: Exome sequencing data from MD patients were analyzed to search for rare 3 8 variants in hearing loss genes in a case-control study. A total of 109 patients with MD 3 9 (73 familial cases and 36 early-onset sporadic patients) diagnosed according to the 4 0 diagnostic criteria defined by the Barany Society were recruited in 11 hospitals. The 4 1 allelic frequencies of rare variants in hearing loss genes were calculated in individuals 4 2 with familial MD. A single rare variant analysis (SRVA) and a gene burden analysis 4 3 (GBA) were conducted in the dataset selecting one patient from each family. Allelic 4 4
MATERIALS AND METHODS
Clara, CA, USA) and were paired-end sequenced on the Illumina HiSeq 4000 platform 1 2 3 at 100X coverage. Raw reads were stored in two FASTQ files for each individual. Analysis-ready BAM files and VCF files were generated from raw unmapped reads 1 2 7 using the GATK Best Practices pipeline. Reads were aligned to the GRCh37/hg19 1 2 8 human reference genome using the BWA-MEM algorithm. For obtaining the final 1 2 9 dataset, SNV and small structural variants were filtered according to its Variant Quality Variants were functionally annotated using ANNOVAR version 2018Apr16. RefSeq The SNHL gene set was generated by using three different databases: the Hereditary genes related with SNHL (see Table 4 , Supplemental Digital Content 1). Two pipelines and filtering/prioritization strategies were conducted to search for rare 1 4 3 variants as we have previously described (Gallego-Martinez et al. 2019 ). The first was a approach was a gene burden analysis (GBA) to obtain a gene-level mutational profile 1 4 6 ( Figure 1 ). For these analyses only one patient from each family was selected. an early onset were also investigated to search for singleton variants in candidate genes 1 4 9 in both analyses.
All variants were assessed according to the standards and guidelines described by the sequencing to minimize false calls. Two independent datasets were used as reference to compare the observed MAF in For each selected variant in the SRVA, OR with 95% confidence interval (CI) were 1 6 3 calculated using the MAF values from the CSVS database (N=1,579) and the NFE For GBA, we counted the total exonic alternate alleles per gene in our cohort against the 1 6 6 two reference datasets. After calculating OR with 95% CI, we obtained one-sided p- values that were corrected for multiple testing by the total number of variants found in 1 6 8 each gene following the Bonferroni approach. Standard audiometric evaluations for air and bone conduction elicited by pure tones 1 7 0 from 125 to 8000 Hz were retrieved from the clinical records to analyse the time course 1 7 1 9 of the hearing profile in FMD cases with candidate variants. Regression analysis was 1 7 2 performed to estimate the outcome of hearing loss for each frequency. A total of 5136 variants located in SNHL genes were considered in FMD cases. After From them, 40 SNV were already described in the NFE population or Spanish 1 8 0
population, but only one SNV was found in more than one family (see Table 5 , The rest of the rare SNV were considered private familial variants because none of them 1 9 1 were found in other FMD cases. None small structural variant (insertion or deletion) 1 9 2 was found in any SNHL genes. Seventy-three genes with 214 SNV with a MAF<0.05 were retained after QC and 1 9 5 filtering steps. Most of the genes (74%) carried less than 3 variants, thus they were 1 9 6 1 1 discarded for further analysis. The most significant finding was an enrichment of rare 1 9 7 missense variants in OTOG gene in our FMD cases against either NFE population from 1 9 8
ExAC (OR= 4.3(2.6-7.0), p= 4.1x10 -8 ) or Spanish population (OR= 3.6(2.1-5.9), p= 1 9 9 7.1x10 -6 ). Nine different rare missense variants were found in OTOG in 14/46 non-2 0 0 related families, existing 6 families with 2 or more shared variants (Table 1 & In addition, a novel variant in OTOG not included in the GBA was found in two cases 2 0 6 from a 15th family (F34). This variant, located in exon 18 (chr11:17594747C>A), was 2 0 7 found in heterozygous state affecting the sequence of the C8 domain. The distribution 2 0 8 of the variants found in OTOG is scattered across the gene sequence (Figure 2 ). The hearing profile for the 14 patients (3 males, 11 females) with rare variants in OTOG 2 1 1 gene was studied (see Figure 2 , Supplemental Digital Content 2, which shows the pure 2 1 2 tone audiograms for these patients). Ten of them showed bilateral hearing loss, 3 had 2 1 3 left-sided hearing loss and only 1 patient shown right-sided SNHL (see Table 1 , showed a ski-slope shaped audiogram (17.8%), 3 ears from 3 patients showed a reverse-2 1 8 slope shaped (10.7%) and 4 ears had a normal pure-tone audiogram (14.2%). A regression analysis was done to estimate the hearing loss at onset and the outcome for 2 2 0 each frequency. We found a negative correlation at 1000 Hz (R 2 =.143; p=.033) and 2 2 1 2000 Hz (R 2 =.246; p=.004). There was no statistical correlation at 125 Hz, 250 Hz, 500 2 2 2 Hz, 4000 Hz nor 8000 Hz, suggesting no progression at these frequencies (Figure 3) . The age of onset of the symptoms was 41.93±8.66 and the estimated hearing loss at The same analytical pipeline was used in a series of patients with sporadic MD with an SRVA, we found 60 nonsynonymous or splice site SNV with MAF < 0.001 and CADD 2 3 0 > 15 in SNHL genes. Among them, one variant was found in two sporadic cases and 2 3 1 another variant was also found in a familial case. The rest of the SNV were considered 2 3 2 simplex variants found in singletons and none of them were homozygous (see Table 6 , 2 3 3
Supplemental Digital Content 1, which shows the rare variants found in the SRVA for 2 3 4 SMD cases).
3 5
A heterozygous nonsynonymous SNV in OTOG gene was found in two unrelated 2 3 6 sporadic MD cases (S1 and S23). The variant chr11:17632279C>T (rs779658224; This variant has a MAF=.0005 in the NFE population from ExAC and it is not For the GBA, we found 12 rare SNV in OTOG gene in patients with early onset MD 2 4 7 (see Table 7 , Supplemental Digital Content 1). However, in contrast with the results 2 4 8 obtained in FMD cases, there was not an excess of rare variants in this gene against 2 4 9 
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